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Fig. 1. Schematic for exciton insulator formation: (a) Left, a semiconductor with bandgap E, and exciton binding energy F,, when
B, is larger than E,, the single particle band structure is not stable under electron-hole attraction; right, a semimetal with a negat-
ive bandgap, black dashed line indicates the Fermi level. Similarly, under electron-hole attraction, the band structure is not stable.
Both will spontaneously form exciton and open a correlation gap. (b)—(d) An electron-electron bilayer system in a strong magnetic
field is equivalent to an electron-hole bilayer!'¥. (b) Cartoon depiction of two parallel layers of electrons. (c) In a magnetic field the
kinetic energy of 2D electrons is quantized into discrete Landau energy levels. Each such Landau level contains a huge number of
degenerate orbitals, here depicted schematically as a checkerboard of sites. If the field is strong enough, all electrons reside in the
lowest Landau level, and only occupy a fraction (here one-third) of the available sites. (d) A particle-hole transformation applied to
the lower electron layer places the emphasis on the unoccupied sites—that is, the holes (colored green) in that layer. This trans-

formation changes the sign of the Coulomb interactions between layers from repulsive to attractive. Exciton BEC is most likely to

occur when the number of electrons and holes are equal, that is, when each layer is half-filled (this is not the case in this figure).
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Fig. 2. Moiré¢ flat band: (a) Moiré lattice formed in TMD heterobilayer. A, B, C are three high symmetry points in the moiré unit
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cell®] here a,, is the moiré lattice period. And the zoomed in lattice configuration was shown on the right (this is a zero-angle twist

case). (b) After having moiré lattice, the Brillouin zone shrinks from the original 1/a (~10' m!) (a is the original distance between

neighboring atoms) to 1/a, (~10° m!), forming mini Brillouin zone. This opens a gap at its boundary due to Bragg reflection fol-

lowed by the emergence of moiré flat band.
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Fig. 3. Exciton insulator in monolayer-hBN-moiré structure['®»!54: (a) Schematic for particle-hole transformation in this system;
(b) band alignment between monolayer WSe, and moiré heterobilayer without electric field, black dashed line indicates the Fermi
level; (c)—(e) photoluminescence intensity from moiré interlayer exciton (c), exciton sensor’s 2s intensity (d) and penetration capa-
citance (e) as a function of electric field and dope. The penetration capacitance clearly shows in region III, where both monolayer
and moiré are doped and when total filling is at 1, the system is always gaped when continuously tune the exciton density

(ve ~0-0.7) by varying the electric field.
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Fig. 4. Exciton insulator in monolayer TMD-bilayer TMD structure (a)—(c) 15 and in double moiré structure (d)—(g) ¥7: (a) Elec-
tric field tunes hole distribution in both WSe, layers, when it points upward (upper picture), holes are all located in the moiré WSe,
layer, when it points downward (lower picture), holes can be transferred to another WSe, layer. Those holes can bond with vacan-
cies (electron) in the moiré to form excitons. (b) Back-gate dependent reflection spectrum. Insulator behavior emerges at total filling 1.
(¢c) MIM showing the insulator state at v =1 has a gap equivalent to 120 K. (d) Double moiré sample schematic, the top most
WSe, layer is used for 2s exciton sensing. (e) Conduction band alignment in WS,-2L. WSey-WS, structure. (f) 2s reflection amp-
litude as a function of electric field E and electron density v. (g) Exciton density wave schematic. At total electron filling v = 1/3,

the red (blue) dots represent charges in top (bottom) moiré, exciton hops only under the 1/3 lattice (as shown by the black arrow).
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Fig. 5. Exciton insulator in monolayer-monolayer structurel'®: (a) Sample schematic in which V4, and Vg represent bias voltage
and gate voltage, respectively; (b) band diagram of the device in which pe, pp and px represent chemical potential of electron,
hole and exciton, respectively; Eg is the band gap; (c) electrostatic phase diagram in which p, n, i represent hole, electron doped
and intrinsic layers, respectively; (d), (e) penetration capacitance (d) and interlayer capacitance (e) as a function of bias V;, and
gate Vy; the charge insulating region indicated by penetration capacitance (red in (d)) and electron-hole pair injectable region

measured by interlayer capacitance (red in (e)) has an overlap, which is the triangle region surrounded by red and white dashes;

that indicates the existing of excitonic insulator; (f) thermal-dynamic phase diagram of interlayer excitons in the system.
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Fig. 6. Exciton transport experiment: (a) Coulomb drag
measurement. Monolayer TMD and moiré structure are sep- 21]
arated by a 2 nm hBN and they are in different circuits. A
driving current [; is in the monolayer TMD circuit and the [22]
drag current in moiré circuit can be measured, here moiré
circuit is not connected with any external source. When ex- [23]
citon superfluidity forms, I, = I, and longitudinal voltage
drop of counter-flow configuration shown in (b) should be [24]
AV =0.
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SPECIAL TOPIC—Two dimensional twisted moiré superlattice

Exciton insulator in a moiré lattice

Gu JieY" Ma Li-Guo ??

1) (State Key Laboratory of Surface Physics, Department of Physics, Fudan University, Shanghai 200433, China)
2) (School of Applied and Engineering Physics, Cornell University, Ithaca 14850, USA)

( Received 16 January 2023; revised manuscript received 9 February 2023 )

Abstract

Interlayer electron and hole can be paired up through coulomb interaction to form an exciton insulator
when their kinetic energy is substantially smaller than the interaction energy. The traditional platform to
realize such an interlayer interaction is the double quantum well with dielectric material between electron and
hole, for which an external magnetic field is required to generate Landau level flat bands that can reduce the
kinetic energy of charged carriers. When both quantum wells are at the half filling of the lowest landau level,
the electron-electron repulsive interaction, by the particle-hole transformation in one well, will be equivalent to
electron-hole attractive interaction, from which interlayer exciton and its condensation can emerge. In a two-
dimensional twisted homostructure or an angle aligned heterostructure, there exists a moiré superlattice, in
which bands are folded into the mini-Brillouin zone by the large moiré period. Gap opening at the boundary of
mini-Brillouin zone can form the well-known moiré flat band. This review will discuss how to use the moiré flat
bands to generate exciton insulator in the absence of external magnetic field in transitional metal dichalcogenide
(TMD) moiré heterostructure. Unlike the double quantum well where symmetric well geometry is used, the
moiré related sample can have multiple different geometries, including monolayer TMD-hexagonal boron
nitride-moiré structure, moiré-moiré structure, and monolayer TMD-bilayer TMD structure. The carriers in
those structures can be well tuned to locate equally in different layers, and particle-hole transformation in the
moiré first Hubbard band can transform the interlayer repulsive coulomb interaction into attractive interaction,
which is the same as that in quantum well under magnetic field. We will show that by using differential
contrast reflection spectrum, interlayer photoluminescence, 2s exciton sensing, quantum capacitance and
microwave impedance microscopy, the signature of exciton fluid can be identified. The excitonic coherence
features in those structures will promise by using the coulomb drag technique and counter flow technique in
future. In general, exciton in moiré lattice is a promising candidate for studying the Bose-Hubbard model in
solids and can well realize exciton superfluidity, excitonic mott insulator as well as the crossover between them.

Keywords: exciton insulator, moiré lattice, flat band, two-dimensional semiconductor
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